The processes that precisely control the selection of ovulatory follicles from a growing cohort are poorly understood. This reduction in follicle number occurs through several phases of selection, consequently we limit the use of the term 'selection' to the first major reduction of growing follicles, at the pre-to early antral stage. The final process of selection, achieving the appropriate ovulatory number, is referred to as 'dominance'. We discuss possible mechanisms that could bring about these reductions and highlight intra-ovarian involvement, particularly via follicle-follicle interactions. Analogies are drawn between local ovarian events and processes commonly reported in the determination of cell fate in developmental biology. Two facets of intra-follicular interactions are proposed: initially that follicle-follicle interactions mediate early selection processes at the preantral stage, and later that during antral development dominant follicles directly affect the fate of the subordinate cohort members.
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Introduction Follicle dominance
By or shortly after birth, the mammalian ovary contains a female's complete supply of oocytes or potential eggs. These oocytes (which are arrested in prophase of the first meiotic division) are housed within supporting cells to form primordial follicles. Throughout reproductive life, a small proportion of primordial follicles continually escape their arrested state and resume growth and development, in response to unknown cues (Baker, 1982) . From this point onwards development continues until the oocyte reaches maturity and is ovulated or, more commonly, until the follicle becomes atretic. More than 99% of follicles entering the growing phase are destined to undergo an atretic fate, thus ensuring that only an appropriate species specific number will successfully ovulate (Gougeon, 1996) . Correct regulation of this process is vital as this is the main way by which most mammals regulate their litter size (e.g. sheep: Hanrahan and Quirke, 1985) .
Following recruitment from the primordial resting pool, a gonadotrophin independent process (Peters et al., 1973) , most follicles will develop at least until the acutely follicle stimulating hormone (FSH) dependent early antral stage (Figure 1 ). At that point, if FSH concentrations are low the follicles will undergo atresia (Hirshfield, 1991a) . Conversely, if FSH concentrations are suitably elevated at that time (in response to the decline in oestrogen production from the regressing corpus luteum of the previous cycle: Le Nestour et al., 1993) , a certain number of follicles in the cohort will continue development to the later antral stages. This is probably the first process of selection which follicles undergo after leaving the resting pool and it is temporally regulated, i.e. if a follicle reaching the FSH-dependent stage finds itself in the 'window' when FSH is elevated it can proceed to the next developmental stage. Despite significantly reducing the number of contenders, the number of follicles in the cohort that continue to develop is greater than the desired ovulatory number, so a further process of reduction occurs. This is the second phase of selection, involving the emergence of dominant follicles among the growing cohort. Confusion frequently arises when making comparisons between multi-and mono-ovular species although the processes involved are broadly similar. The key difference is the extent of the final stage of selection: Figure 1 . The different developmental stages of ovarian follicles. More than 99% of primordial follicles that resume growth and development will become atretic.
the emergence of the dominant follicle(s). In cattle the final selection process results in just one follicle attaining dominance in comparison with six to eight in mice. Henceforth we shall refer to this second selection process as follicular dominance. Dominant follicles continue to the final stages of development while the remaining subordinate follicles in the cohort ultimately undergo atresia and regress ( Figure 2 ).
The emergence of dominant and subordinate follicles is the result of complex interplay between a range of factors, and our understanding of many of these is still poor. For the purpose of this review we shall define follicular dominance as having two principle components: indirect endocrine actions and direct intra-ovarian regulation. The latter can modulate endocrine regulation of dominance within a follicle (intra-follicular) or can initiate or exacerbate differences between follicles (interfollicular). This review focuses mainly on effects of intraovarian follicle-follicle interactions, concentrating on both primate and murine species where data are available.
Endocrine regulation via the hypothalamic-pituitary system
This is the aspect of follicular dominance into which most research has been conducted to date. The larger follicles in a cohort indirectly cause the cessation of growth and development in subordinate members of the same cohort by releasing increasing concentrations of oestradiol and inhibin into the systemic circulation (Zeleznik and Hillier, 1984; Gibbons et al., 1997) . These act on the hypothalamic-pituitary system to decrease FSH to concentrations that will not support the continued growth and development of the highly FSH-dependent, less-developed subordinate follicles (Brown, 1978) . The slightly more mature follicles that initiated the fall in FSH will withstand this decline in trophic support due to an up-regulation in functional LH receptors (Webb and England, 1982; Ireland and Roche, 1983) coupled to the aromatase systems in granulosa cells and a possible increase in FSH receptor concentrations (Ireland and Roche, 1983; Zeleznik and Hillier, 1984) . The ovary is also the site of extremely high levels of angiogenesis (for recent review, see Redmer and Reynolds, 1996) , and the dominant follicles acquire more vascular theca, perhaps due to an increase in basic fibroblast growth factor (bFGF), positively correlated with oestradiol concentrations (Schams et al., 1996) . This allows dominant follicles to obtain an increased uptake of serum gonadotrophins (Zeleznik et al., 1981) . The dominant follicles have, therefore, several mechanisms for sequestering more of the available gonadotrophins and surviving the decline in circulating FSH concentrations (Figure 2 ). In contrast, subordinate follicles are highly susceptible to a decline in circulating gonadotrophins: granulosa cells undergo apoptosis and follicular atresia results (Hughes and Gorospe, 1991; Hsueh et al., 1994; Tilly, 1998) .
Artificially increasing systemic FSH concentrations can result in greater-than-normal numbers of follicles reaching maturity and hence subsequent superovulation (Baird, 1987) , a technique with enormous clinical, veterinary and agricultural applications. It seems likely that the FSH decline is the major endocrine selection mechanism by which the ovulatory quota is determined, with dominant follicles proceeding to ovulation and subordinate follicles being forced down the atretic pathway. However, we believe that this mechanism alone fails adequately to explain how the appropriate number of follicles first emerges as dominant.
Endocrine action between ovaries
Ovulation had been considered to occur from alternating ovaries in mono-ovular species since original observations by Rühl (1925) , an opinion bolstered by appearances in seminal reproductive texts (e.g. Knobil and Neil, 1988) . If this is the case, it could be due to a locally suppressive effect of the corpus luteum from the previous cycle, or alternatively it is possible that some as yet undefined communication mechanism is acting between the bilateral ovaries to regulate this Intra-ovarian regulation of follicle dominance 155 'turn-about' process. Similarly in multi-ovular species this ovary-to-ovary 'talk' could divide up the total number of ovulatory follicles ensuring that each uterine horn receives equal numbers of fertilized embryos. Evidence in the literature regarding consecutive ovulation sites is conflicting. Support for the contralateral theory comes from a histological study of ovaries obtained from 25 women by Gougeon and Lefèvre (1984) in which corpora lutea were identified and assigned an age on the basis of morphology. A chronological order of ovulations was then calculated which suggested that ovulation occurred in a turn-about manner. Other studies in the human (Marinho et al., 1982) and non-human primate (Dukelow, 1977; Hodgen, 1982) also implicate contralateral ovulation. In contrast, Werlin et al. (1986) suggest that ipsilateral ovulations are the norm in women.
A third possibility is that selection of the ovary containing the dominant follicle is random. Considerable weight was lent to this hypothesis by the sonographic data of Check et al. (1991) , due to its large sample size. Obtained from a study of 572 cycles in 92 women, they demonstrated a 52.4% incidence of ipsilateral ovulation and a 47.6% incidence of contralateral ovulation which is a non-significant difference. This study supported an earlier finding by Wallach et al. (1973) in the rhesus monkey. Doubt has also been cast on the incidence of contralateral ovulation by the observation that ovulation in the primate appears to be more common from the right ovary, than from the left. Thus, Morse and van Wagenen (1936) report a bias towards ovulation in the right ovary of 60% in a study of eight rhesus monkeys, and the results of Potashnik et al. (1987) support this finding in humans. Even studies that do not demonstrate a statistical bias toward the right ovary report a slight trend towards that side (e.g. Check et al., 1991; Fukuda et al., 1996) . In all the literature examined detailing side of ovulation in the primate, we found no trend, statistically significant or otherwise, toward the left ovary. In some species, the trend towards one or other ovary is taken to an extreme, with one ovary becoming totally inactive (e.g. the mountain viscacha; Pearson, 1949) or even regressing (as in the domestic hen, Gilbert, 1979) . There seems to be little discussion as to why there should be a bias towards one ovary, although anatomical asymmetries possibly brought about by genes such as Pitx2 (Ryan et al., 1998) , such as the origin and drainage of vasculature and development of other organs such as the kidneys (and adrenal glands) may affect the development and function of the ovaries, favouring one side.
The main body of evidence would seem to suggest that, despite what is written in text books, contralateral ovulation is not the physiological norm in mono-ovulatory species. The detailed histological examination conducted by Gougeon and Lefèvre (1984) presents the strongest argument in support of this proposal, although this would appear to conflict with the larger clinical investigations of Potashnik et al. and Check et al. (Potashnik et al., 1987; Check et al., 1991) . Difficulties in accurately ageing the corpora lutea and consequently determining the sequence of ovulations may offer an explanation to these different findings. Transient increases in local progesterone concentration of the ovary most recently bearing the ovulatory follicle only appear to affect the choice of subsequent ovary when cycle length is short (Wallach et al., 1973) . It still remains unclear whether choice of ovary housing the next dominant follicle in the primate is a truly random event or if there is a bias towards the ipsilateral or right-handed side, the last two proposals being mutually compatible. Even less clear is an understanding of how dominance is established between ovaries if ovulation does not occur in a turn-about manner driven by the intra-ovarian environment. Interestingly from a clinical viewpoint, whether ovulation is from the contra-or ipsilateral ovary may have implications for subsequent oocyte retrieval, fertilization, cleavage and embryo transfer during assisted fertility treatments : Fukuda et al. demonstrated that the success rate of all these procedures was significantly higher if ovulation was on the contralateral side (Fukuda et al., 1996) . Whatever the mechanism(s) at work, extrapolating these findings to non-primate species, particularly to multi-ovulatory species, may be harder. The ability of embryos to migrate along the uterine horns in some species means that bilateral ovulation is not an absolute requirement for evenly distributed embryonic implantation. However, it seems unlikely that the majority of the oocytes released in multi-ovular species originate from one ovary. Instead it seems more probable that both ovaries contribute to a similar degree with perhaps a marginal bias towards one side, depending on species.
Intra-ovarian regulation
It would seem essential that intra-ovarian communication is involved in selection of the dominant follicle(s) from a growing cohort. This could occur via three possible pathways: paracrine regulation, the 'talk' between different cells, involving the local diffusion of a chemical messenger produced in one cell to another 'target' cell; autocrine regulation, a selfregulatory mechanism whereby a certain cell type produces factors that act back on the cell of origin; and juxtacrine regulation, communication between cells as the result of direct cell-cell or cell-matrix contact, allowing cell-or matrix surface-associated molecules to interact with one another. All of these types of communication may subsequently lead to signal transduction cascades within the cell, giving rise to functional alterations.
The endocrine regulation of follicular dominance, discussed briefly above, results in a lowering of FSH concentrations. The response of a follicle to that drop in FSH is dependent on its dominant or subordinate status, with differential alterations in FSH-dependent growth factor and hormone concentrations directing ultimate follicle fate (Mihm et al., 1997) . Dominant follicles continue to grow and produce oestradiol in an environment of decreased FSH (Ireland and Roche, 1983; Sunderland and Crowe, 1994) whereas subordinate follicles exhibit markedly reduced oestradiol production. That the dominant follicle continues to grow and increase its steroidogenic output is thought to be due to the increased bioavailability of the insulin-like growth factors (IGF-1 and -2) (Spicer et al., 1988; Gong et al., 1993; Mihm et al., 1997) following enhanced secretion of this peptide and a decrease in IGF binding protein (IGFBP) production (Echternkamp et al., 1994) . During this period of selection, the subordinate follicles exhibit increased IGFBP production reducing the concentration of available IGF-1 (Mihm et al., 1997) . As a result of these differential responses to the reduced concentrations of FSH, the dominant follicles continue to grow and develop whilst the subordinate follicles undergo follicular atresia and die. The role of such intra-follicular factors on follicle dominance has been the subject of several comprehensive reviews, (e.g. Adashi and Rohan, 1992; Erickson and Danforth, 1995; Campbell and McNeilly, 1996; Armstrong and Webb, 1997) .
There is, however, an additional method of intra-ovarian regulation of follicular dominance, namely through interactions between follicles. Such interactions could enhance the effect of endocrine regulation of follicular dominance, with the dominant follicle also producing factors that will directly affect the development of subordinate ones. For example, interfollicular interactions may have a role in maintaining dominance once it has been established, by 'holding back' challengers. This could explain the phenomenon of follicular waves exhibited by some species. If the dominant follicle found itself in a hostile environment upon reaching the ovulatory stage and consequently regressed, the inhibitory influence would be removed and the follicles that had been held in check could resume development and contend for the dominant position (Matton et al., 1981; Ko et al., 1991) . Alternatively, follicle-follicle interactions could initiate differences between follicles upon which endocrine action can subsequently act. These possibilities are explored more fully later.
General morphology of the follicle Follicle structure
The majority of follicles found within the ovary are in the primordial stage (mouse: Peters et al., 1973; human: Forabosco et al., 1991) . These follicles consist of an oocyte arrested in prophase I of the first meiotic division, surrounded by flattened pregranulosa cells (Hirshfield, 1991a) , and a basal lamina. In the young mouse these follicles are found in closely packed clusters, at synchronized stages of development and frequently connected to each other by interfollicular bridges (Zamboni and Merchant, 1973) . The oocytes in these follicles are ~15 µm in diameter in the mouse and 30 µm in humans (Gosden and Telfer, 1987) . Thecal cells are generally regarded as being indistinguishable until the follicle attains a multilaminar stage. A steady trickle of primordial follicles becomes activated and leaves the resting pool, forming primary follicles (Figure 1 ). Due to the avascular nature of the part of the ovary in which the primordial follicles are located, locally produced growth factors are more likely to regulate this process than systemic factors (Greenwald and Terranova, 1988; Hirshfield, 1991a; van Wezel and Rodgers, 1996) . During preantral development, the oocyte enlarges and the zona pellucida is formed between the oocyte and the granulosa cells. The granulosa cells become cuboidal and are the site of rapid synthesis of matrix components, including the basal laminae. As the follicle continues its growth it acquires a fluid-filled antral cavity. Antral formation begins when the granulosa cell population reaches ~2000 cells for all species studied (Gosden et al., 1993) . It is during antral development that granulosa cells differentiate to form two major populations, the mural granulosa cells which are proximal to the basal lamina, and the cumulus granulosa cells which surround the oocyte (cells in the stalk may possess characteristics of both). The granulosa cells regulate oocyte development, for example, 85% of oocyte metabolites are of granulosa cell origin (Heller et al., 1981) . Conversely the mural granulosa cells are the recipients of instruction from the oocyte, e.g. growth differentiation factor-9 (GDF-9), an oocyte secreted factor that is involved in granulosa cell development (Dong et al., 1996) .
The mature follicle also has many associated thecal cells. The highly vascularized theca interna, the layer most closely associated with the convex surface of the basal lamina, is readily identifiable, the cells containing prominent lipid droplets and being more rounded than the theca externa (O'Shea, 1971) . Likewise, there is a marked change in extracellular matrix composition at the interface between the interna and externa.
The ovarian extracellular matrix (ECM)
In the ovary, as in all other tissues, the ECM provides the architectural framework that supports and compartmentalizes the different cell types (Alberts et al., 1994) . Increasingly, research is highlighting the additional role of the ECM in regulating cell behaviour in all aspects of development and maintenance. This seems to be particularly true of the ovary, a highly dynamic organ which exhibits rapid tissue remodelling throughout reproductive life (Luck, 1994 ). An illustration of this is provided by the ECM found in the follicular theca. This contains laminin and collagen fibrils types I, III and IV (reviewed by Luck, 1994) and fibronectin in some species (e.g. sheep: Huet et al., 1997; rat: Bagavandos et al., 1983) . This ECM used to be thought of as primarily supportive, but is now also considered to act as a binding and storage site for many factors that regulate the growth, development and function of follicular cells (Armstrong and Webb, 1997; McIntush and Smith, 1998) .
Extracellular proteases
ECM is constantly remodelled by the action of extracellular proteases, mainly matrix metalloproteinases (MMP) (such as collagenase and gelatinase) and the plasminogen activator/ plasmin family (Luck, 1994; McIntush and Smith, 1998) . Around the follicles, degradation of the ECM results in release of sequestered ovarian factors. Inhibition of these proteases, such as through the action of TIMP (tissue inhibitors of metalloproteinases), maintains the ECM and hence favours retention of growth factors and cytokines. This site of storage and release is a fundamental control mechanism of follicle development.
Intra-ovarian interactions help determine follicle fate
We consider that selection of the correct number of follicles for ovulation cannot easily be achieved by endocrine mechanisms alone. Variations in systemic concentrations of follicular trophic factors do not seem subtle enough, or targeted in any way, making it hard to envisage how they could account for such precise and regimented control of ovulatory number. If this is the case, it seems essential that intra-ovarian factors play a role in regulating the development of the correct number of follicles. These factors could be acting in two ways, predisposing certain follicles for successful growth culminating in ovulation and/or condemning the unsuccessful contenders to an atretic pathway (Figure 2 ). Once follicle dominance has been established, intra-ovarian factors could also 'hold back' any challengers.
Such follicle-follicle interactions could either establish differences between a group of initially equivalent follicles or, at a later stage, allow a follicle to influence the fate of another non-equivalent (subordinate) follicle group. These processes bear striking resemblance to methods of cell fate determination commonly described in developmental biology, namely those of inductive signalling and of lateral specification. We discuss below whether they may indeed be analogous, citing examples to draw parallels, and consider the use of these terms in ovarian physiology.
Inductive signalling and lateral specification
Inductive signalling is a method of communication between adjacent, non-equivalent cell populations, whereby one cell type influences the fate of another, and can thus generate new cell types. Lateral specification (also called lateral inhibition) is the short-range cell-cell 'talk' between initially equivalent cells, an example of juxtacrine communication. This cell-cell dialogue may give rise to signal transduction cascades within the cells causing functional alterations. Thus, from an initially equivalent and equipotent group of cells, interactions between these cells lead to the generation of two distinct cell fates.
Examples of inductive signalling can be found in many developing systems in a diverse range of organisms that includes plants, invertebrates and mammals. One example recently reviewed by Horster et al. describes the cell-cell interactions that bring about the formation of the mammalian metanephric kidney (Horster et al., 1997) . Two types of tissue with distinct embryological origins, the metanephric mesenchymal blastema and the ureteric bud, come into contact with one another at the site of the future kidney. The mesenchymal cells aggregate around the branching ureteric bud tip, allowing the two cell types to communicate with each other via inductive signalling. The signalling between the different cell populations is successful as the two cell types express ligands and receptors in a complementary pattern (Birchmeier and Birchmeier, 1993) . Interactions with the ureteric bud tip cause the mesenchymal cells in contact with the ureteric bud to adopt epithelial morphology and function. These newly created epithelial cells subsequently differentiate into the variety of cell populations that comprise the nephron.
Lateral specification is involved in the patterning of differentiated cell types. An often-cited example of lateral specification can be found in the developing Drosophila bristles where evenly spaced sensory mother cells are created from an initial population of equivalent proneural ectodermal cells. These cells would all differentiate to become sensory mother cells unless prevented from doing so. As the ectodermal cells begin down the pathway to sensory differentiation they send an inhibitory signal to their neighbours. A 'battle' is then fought as each cell attempts to suppress the differentiation of the adjacent cells and gain a slight developmental edge, allowing it to escape the inhibitory influence. Consequently this eminence is enhanced as the cell becomes more differentiated and produces a stronger inhibitory signal, preventing the contacting cells both from becoming sensory mothers and from producing an inhibitory signal (Figure 3) . These 'weak' cells consequently develop into epidermal cells (Hartenstein and Posakony, 1990; Heitzler and Simpson, 1991) .
Some of the genes regulating local cell interactions necessary for inductive signalling and lateral specification are known, more so for the latter process. The first group of regulatory genes to be isolated, in Drosophila, were initially implicated in the regulation of lateral specification. These encode for the Notch family of transmembrane receptor proteins. Signalling via the Notch receptor can control the ability of nondifferentiated cells to respond to differentiation and proliferation cues, and is able to block the action of other differentiation signals. The Notch receptor contains a large extracellular domain that contains 36 epidermal growth factor (EGF)-like repeats and three cysteine-rich Notch/Lin-12 repeats (reviewed by Artavanis-Tsakonas et al., 1995) . These receptors have an array of possible ligands, including membrane-anchored extracellular ligands (each with EGF-like repeats) such as Delta and Serrate and those implicated in intracellular signalling, such as Deltex or Suppressor of Hairless (SuH). Some downstream genes (or gene cascades) have also been identified. Notch was first discovered due to its role in neurogenic cell fate in the developing Drosophila, an example of which is given above. It has since been shown to play a key role in both inductive signalling and lateral specification in the developing Drosophila: null mutations result in embryonic lethality. Homologues have been found in C.elegans and in non-mammalian and mammalian vertebrates, including mice and humans (reviewed by Artavanis-Tsakonas et al., 1995) . Their expression in the mammalian ovary is described below. Notch mutations in humans have been linked to cancer (Ellisen et al., 1991; Robbins et al., 1992) , and one of its human ligands, Jagged, has been implicated in Alagile syndrome, an autosomal dominance disorder with a range of developmental abnormalities (Li et al., 1997; Oda et al., 1997) .
'Inductive signalling' and follicular dominance
The traditional view of interfollicular regulation of follicular dominance is that an already dominant follicle secretes some factor(s) that inhibits the development of its subordinate neighbours. As this is one population of cells affecting the fate of another, non-equivalent population of cells, it is analogous to inductive signalling, and the factors produced by the dominant follicles can be thought of as 'inductive signalling' molecules.
Several putative 'dominance' factors have been reported. Di Zerega identified a protein with a molecular weight between 14 000 and 18 000 kDa secreted by the dominant follicle in humans which suppressed the follicular response to gonadotrophins (di Zerega, 1982) . Cahill et al. demonstrated that ovine follicular fluid inhibited the development of follicles >2 mm in diameter in the ovary and reduced the mitotic index of the granulosa cells of follicles <2 mm (Cahill et al., 1985) . Later, substances with molecular weights of 18 000 and <10 000 kDa were identified in ovine follicular fluid that inhibited the mitotic activity of murine embryonic lung fibroblasts (Carson et al., 1988) . Campbell et al. reported a substance in the ovine pre-ovulatory follicle that is atresia-inducing and results in a loss of steroidogenic activity following injection into the cycling sheep (Campbell et al., 1991) . How a follicular fluid-derived factor would act on neighbouring follicles was called into question when Driancourt (Driancourt, 1994) failed to demonstrate interfollicular interactions in the Booroola sheep. Using aromatase activity as a measure of follicle development, no positive role of the largest atretic follicle or negative role of the dominant follicle was found on other follicles following his experiments using ovarian serum or conditioned media. However, he substantiated the previous literature reporting the presence of an inhibitory factor in the follicular fluid, which was shown to significantly reduce the activity of aromatase in large follicle pieces, as compared to cultures with serum or conditioned medium. Perhaps then his failure to observe either an inhibitory or stimulatory effect was an in-vitro artefact, the mechanisms by which the follicular fluid factors are transported from the antrum being absent or disabled in vitro. Another possibility is that such factors were indeed present but not at sufficient concentrations in culture to exert an effect.
Most recently, work on the bovine follicle resulted in the characterization of granulosa cell-inhibitory factor (GCIF) which was shown to inhibit the proliferation of small and medium follicles (Hynes et al., 1996a,b) . Steroid-free bovine follicular fluid was separated into high and low molecular weight fractions and purified. A factor with a molecular weight <5 kDa was shown to inhibit granulosa cell proliferation in vitro, inhibit the proliferation of granulosa cells taken from small and medium follicles but not large follicles, and, following systemic administration to cycling rats, inhibit the formation of large follicles and increase the number of small follicles. The authors report similarities between GCIF and factors found in porcine (Kigawa et al., 1986) and rat follicular fluid (granulosa cell mitostatic protein, GCMP; Chakravorty et al., 1993) . Gore et al. note the disappearance of 'challenger' follicles from around dominant follicles in humans and speculate that oestrogen may be responsible for this phenomenon (Gore et al., 1997) . They cite the studies of Dierchke et al. (1985) and Koering et al. (1994) which demonstrated a detrimental role of oestrogen on follicles in vivo.
'Lateral specification' and early determination of follicular fate
While a process analogous to that of inductive signalling can help explain how follicle dominance is maintained once established, it does not address the issue of how dominance has arisen (with the correct, species-specific number of follicles continuing to develop). Based on morphological criteria, the emergence of dominant and subordinate follicles would seem to arise from a cohort of initially equipotential follicles. Although we cannot discount the possibility that differences are established at the time of gonadal formation, marking the follicles destined to ovulate, this must at the very least be a readily reversible designation, as the number of ovulating follicles can be manipulated with ease. Experiments where the dominant follicle is ablated (e.g. Matton et al., 1981; Ko et al., 1991) show that a new dominant follicle rapidly emerges from the cohort of antral follicles. Presumably, had the original dominant follicle been allowed to ovulate, the 'new' replacement dominant follicle would have become atretic. Similarly, superovulation (e.g. Baird, 1987) results in a far greater number of follicles than would be expected in a normal cycle, suggesting that at least some, if not the majority, of follicles have been deflected from an atretic fate. We propose that differences in follicle development may have arisen through a process early in follicle development equivalent to lateral specification.
At the onset of follicle development, a cohort of primordial follicles enters the growth phase. At this point they are most likely equipotential. As they start to grow, there are presumably fluctuations in the production of signalling molecules setting up transient differences between neighbouring follicles. These differences could become magnified as selected 'stronger' follicles inhibit development of their immediate neighbours (similar to the differentiation of cell types in the developing Drosophila, as detailed previously). In this manner, a pattern of selected and non-selected follicles, or later, of dominant and subordinate follicles, would emerge (Figure 4 ): the endocrine loop would then act on those differences.
Recent work from this laboratory has highlighted a contactmediated mechanism whereby 'dominance' is established between co-cultured murine follicles in vitro (Spears et al., 1996) , although this may be more analogous to the process of selection in vivo, particularly in large mammals. Using a whole follicle culture system which allows the growth of follicles from the preantral to the Graafian stage, experiments were conducted to investigate the influence of follicle-follicle interactions on growth and development. It was found that when pairs of follicles were co-cultured in contact, one follicle invariably became dominant over its partner. When follicles were cultured in similar conditions but placed slightly apart, this phenomenon was not seen, implying a requirement for follicle-follicle contact. We believe that this observation may be an example of 'lateral specification' between neighbouring follicles, resulting in the initially equivalent follicles adopting different fates and only the successful follicle being selected for further development and maturation (Figure 5a,b) .
For our in-vitro observations and proposed hypothesis to be relevant in vivo, there would be a requirement for follicles to be in direct contact with others at the same stage for at least part of their development. Histological examination of sections from a range of mammalian species (including the mouse, rat, rabbit, cat, pig, tiger and marmoset) reveals that preantral follicles are frequently found in close contact with each other, as shown in some of the examples in Figure 5c -e. Zamboni and Merchant report that bi-and tri-laminar follicles are found interconnected by granulosa cell projections in young mice (Zamboni and Merchant, 1973) , presumably as a result of persisting intercellular bridges between primordial germ cells. Connected 'strings' of primordial/primary follicles can be seen in mice ~3 weeks of age (S. Baker and N.Spears, unpublished observation) , and in young cats (J.Mullan, personal communication; Figure 5f ). It would be interesting to see if these 'strings' of follicles resume growth as a unit, giving rise to closely contacting preantral follicles at equivalent stages of development. Whole ovary sections illustrate the degree of closeness that neighbouring preantral follicles assume, often with a very thin dividing thecal layer (Figure 5c -e), which would enhance the possibility of juxtacrine communication. Interestingly, this thin shared theca layer was also observed in our co-cultured follicles ( Figure  5b ). Detailed analyses of serial sections from 3-week-old mice revealed that most preantral/early antral follicles are found in clusters (of up to 20-50 follicles), frequently in contact with two or more like-sized follicles ( Figure 6 ). Similar clusters of like-sized preantral follicles have also been described in the rat (Hirshfield and De Santi, 1995) . It is thus clear that preantral follicles do develop in contact with other similar-sized follicles, making it at least feasible that 'lateral specification' (or an equivalent process) could influence follicular fate, resulting in only certain follicles from within each cluster proceeding on to further stages of follicular development.
As discussed previously, the Notch family of genes is known to be involved in juxtacrine communication between cell types in many developing systems. As such, they seem plausible candidates as factors regulating follicle selection. Indeed, Notch has been shown to play vital roles in the Drosophila ovary (Xu et al., 1992) including evenly spacing the developing egg chambers. There are four mammalian Notch genes identified to date (Notch 1-4). Although Notch 4 has been reported to be expressed in the mouse ovary (Uyttendaele, et al., 1996) , there are no previously published reports of expression of Notch 1-3 in the mammalian ovary. As a first step towards examining the role of Notch genes in the mammalian ovary, we have used reverse transcriptase-polymerase chain reaction to examine expression of Notch 1-3 in the mouse ovary (Figure 7 ). All three genes are expressed in the ovary and we are currently examining their expression patterns with a view to possible involvement in follicle fate (Baker, Cameron and Spears, manuscript in preparation) .
Inductive signalling, lateral specification and interfollicular interactions
The major differences between lateral specification and inductive signalling in developing systems and the processes that are occurring in the ovary are those of scale and maturity. Lateral specification has been described to date only as occurring between individual cells and inductive signalling between populations of cells. Each follicle will have several hundred or even several thousand cells. For equivalent pro- Figure 6 . Serial sections of ovaries from three 3 week old mice were examined sequentially and all follicles around the stage of antrum formation were identified and marked. For each highlighted follicle, numbers of contacting similarly sized follicles were noted. It was found that: (a) >95% of late preantral follicles are in direct contact with other like-sized follicles; (b) calculations of total cluster size reveal that >90% of late pre-antral follicles are found in groups of 11-50 follicles. Figure 7 . Reverse transcriptase-polymerase chain reaction (PCR) gels (upper row) and probed Southern blots (lower row) showing the expresseion of Notch 1, 2 and 3 in 3-week-old murine ovaries, kidney and skeletal muscle. Band a has been produced using primer pairs specific for each gene's mRNA sequence, band b shows expression of β-actin message in each tissue. mRNA was extracted from the three tissue types and cDNA synthesized using Pharmacia Biotech kits (St Albans, UK), prior to amplification by PCR using specific primers for Notch 1, 2 and 3 mRNA (as in Lardelli and Lendahl, 1993) . PCR products were run by electrophoresis and visualized under UV light following staining with ethidium bromide. Notch 1 primers yielded a 660 bp product; Notch 2 a 684 bp product and Notch 3 a 466 bp product. To check for specificity gels were then blotted overnight onto nylon membranes, transferred DNA fixed by baking and then hybridized with digoxigenin (DIG)-labelled oligonucleotide probes specific to the gene of interest (Notch 1: CTGGCCACACTGGACGC; Notch 2: CAAGGCTCGGGA; Notch 3: CCATG-CAGCGCATACTC), according to the DIG users Handbook (Boehringer Mannheim, Lewes, UK). Final detection of hybridized probe was by reaction to CDP-Star (Boehringer Mannheim) and subsequent exposure to X-ray film.
cesses to be viable between adjacent follicles there would be a requirement for many thousands of cells to act in concert and present a unified front towards the neighbouring follicle. The oocyte has a profound effect on the somatic follicular cells (e.g. Dong et al., 1996) , so it is possible that the process could be oocyte-driven. Thus despite being comprised of thousands of cells, the follicle could behave in a manner analogous to that of an individual cell. Furthermore, the population of granulosa cells arises from a small number of progenitors in the primordial follicle (Boland and Gosden, 1994) . Recent work by Hirshfield (Hirshfield, 1991b) has even suggested that the theca cell population may have arisen from a few follicle-associated interstitial cells. If populations have arisen from few progenitor cells, that syncytium of cells-all being of similar characteristics-could act in concert.
The other key dissimilarity between our proposed folliclefollicle communication mechanisms and the classical examples of inductive signalling and lateral specification is the age of the animal. We are suggesting that this form of cell fate determination is present in the ovary throughout reproductive life, whereas examples of inductive signalling and lateral specification in the literature appear to be confined to developing embryos. However, the mature ovary can be regarded as being in a constant state of development. As previously mentioned, the ovary is the site of the most rapid angiogenesis and apoptosis in the female body, processes normally associated with development. Growth and development of follicles continues and indeed only recommences fully in adult life.
We are only beginning to understand aspects of the molecular regulation of follicle dominance, while regulation of inductive signalling and lateral specification during embryonic development is fairly well understood. If analogies between the systems are close, it would be productive to look for further parallels, at the molecular/genetic level: such an approach has proved invaluable in many other areas of biology.
Conclusion
To date, most of the research into follicular dominance has concentrated on its endocrine regulation. While endocrine control of follicle dominance can explain much of the later processes that occur (such as ensuring that subordinate follicles ultimately undergo atresia), intra-ovarian interactions are also involved in its regulation. Follicle-follicle interactions have various possible roles both at early stages when follicles are being selected from a cohort or cluster of follicles and/or later, when dominant follicles are 'holding back' challengers (Figure 2) . Furthermore, intrafollicular processes also mediate the response of a follicle to endocrine changes. These intra-ovarian processes have received less attention than endocrine changes, perhaps because they are less amenable to investigation. Further understanding of intra-ovarian interactions will help us to determine how each species selects the correct number of follicles for continued development during an ovulatory cycle.
